Evolutionary and protein structural analyses can provide functional insights into genes implicated in human psychiatric diseases. Even eukaryotic organisms lacking nervous systems contain homologues of many key signalling molecules of animal neurons implying that human cognition derives, in part, from modifications of ancestral molecules and complexes. One protein whose evolutionary origin is obscure is DISC1 (disrupted in schizophrenia 1) whose gene locus has been associated with many psychiatric conditions including schizophrenia, clinical depression and bipolar disorder. This protein's rapid evolution and its unusual amino acid and a-helix composition have hindered searches for DISC1 homologues in species other than vertebrates. Here, we review the evolution and structure of the DISC1 protein in the light of in-depth sequence analyses. These predict DISC1 orthologues in diverse eukaryotic organisms, including early-branching animals such as amphioxus, sea anemone, amoebas and Trichoplax, and in plants and algae. DISC1 thus is widespread among eukaryotes, although it remains absent from fungi, nematodes and Diptera, including fruit flies. These observations now permit studies of DISC1 function in simple non-vertebrate model organisms. Surprisingly, these analyses also identify between two and four sequence repeats in DISC1 orthologues. The first two of these repeats show significant sequence similarity to the UVR family of globular domains. These UVR-like repeats are predicted to contain, not coiled coil structures, but rather two closely associated antiparallel a-helices. One common missense variant in DISC1 (L607F) lies within the second DISC1 UVR-like domain. These observations should assist in delineating the functional regions of the DISC1 protein.
INTRODUCTION
Neuron-expressed genes that have been implicated in psychiatric illness by genetic linkage, association or mutation detection often have an ancient origin (1, 2) . Experiments that study them in simpler model organisms can thus help to shed light on their molecular and cellular functions. Nevertheless even when function is conserved, the evolutionary provenance of a neuropsychiatric disease gene can be unclear because rapid protein sequence evolution has obscured its ancestry. In addition, particular protein structural features, such as coiled coils and compositionally biased sequences, which are not easily modelled by generic sequence analysis algorithms, such as BLAST (3) , can lead to apparently significant yet false homology claims.
One gene whose ancestry is obscure is DISC1 (disrupted in schizophrenia 1), whose locus lies at the site of a balanced translocation that was first associated with psychiatric disorders in a Scottish family over 20 years ago (4) . Since then, evidence from linkage and associated studies has implicated the DISC1 locus in diverse neurological diseases (5,6), including major depression, autism, bipolar disorder and Asperger's syndrome (7 -12) . Many rare and common amino acid changing variants have been identified in DISC1 for individuals with neuropsychiatric disorders (10, 11) . There is, however, conflicting evidence whether common variants in DISC1 are significantly associated with schizophrenia (13) . Several reviews (5, 6, 14) have recently discussed the evidence for DISC1 being a risk gene for psychiatric disorders and its protein's proposed roles as a scaffold protein in neural development and in centrosomal function. In this review, we take a complementary tack, considering the structure of DISC1 from an evolutionary perspective. This reveals DISC1 as having a surprisingly ancient ancestry and containing internal repeats of likely important functional domains.
DISC1 SEQUENCE, EVOLUTION AND STRUCTURE
DISC1 orthologues have been described in vertebrates (specifically fish, birds and mammals) (15, 16 ), yet no convincing * To whom correspondence should be addressed. Tel: +44 1865272537; Fax: +44 1865285862; Email: luis.sanchezpulido@dpag.ox.ac.uk # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com evidence exists for DISC1 orthologues in invertebrates or in other eukaryotes. In addition, protein domains, to which functions might be ascribed by homology, have not previously been described in DISC1.
Three features of the DISC1 sequence explain its obscured origins. First, its amino acid sequence has evolved unusually rapidly. Amino acid sequence identity for human and mouse DISC1 is 50% over its first two exons (16, 17) , a level which is far below the median value for all genes (88%) (18) . Second, the two 5 ′ exons of DISC1 encode sequence with high levels of specific amino acid residues, namely serine, alanine and glycine (16) . Despite substantial improvements in database searching algorithms (3, 19, 20) , this bias in sequence composition still can confound accurate homology detection, producing apparently statistically significant sequence alignments between non-homologous compositionally biased sequences. Third, the remaining DISC1 sequence encodes several predicted coiled coil regions (16, 21) .
A coiled coil is a bundle of a-helices wound into a long superhelix using residues from one helix inserted into a depression in another (the 'knobs-into-holes' model). Their sequences exhibit a pattern of hydrophilic and hydrophobic Numbers correspond to global profile-to-profile comparison E-values between the first and/or the second DISC1 UVR-like repeats, and the Pfam UVR domain alignment. (C) Representative multiple sequence alignment of DISC1 UVR-like repeats. The colouring scheme indicates the average BLOSUM62 score (which is correlated with amino acid conservation) for each alignment column: red (.1.8), violet (between 1.8 and 1) and light yellow (between 1 and 0.2). The alignment was generated with T-Coffee (42) and presented using the program Belvu (43) . Domain limits are indicated by flanking amino acid numbers. The main eukaryotic phyla are indicated by coloured bars to the left of the alignment: red (Unikonts), green (Plantae) and purple (Chromalveolates and Excavates). Independent PsiPred secondary structure predictions (44) for repeat 1 or 2 and the known secondary structure from E. coli UvrB are shown below the alignment in red, purple and blue, respectively. a-Helices are indicated by cylinders. The sequences are named according to Supplementary Material, Table S1 . Homology models of human DISC1 UVR-like repeats 1 and 2 are coloured in red and purple, respectively. Most conserved residues, common and rare variants are labelled in red, blue and grey, respectively. Models were created using Modeler (45) based on a UVR tertiary structure (25) and represented using the Pymol program.
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Human Molecular Genetics, 2011, Vol. 20, Review Issue 2 residues that is repeated every seven residues. Stable coiled coil structures typically consist of at least four such heptad repeats (22) . In contrast, helices in globular proteins are usually much shorter and adopt a more irregular 'ridges-into-grooves' arrangement (23) . Sequence analysis of protein sequences that contain long a-helices can result in over-predictions of coiled coil structures. The DISC1 C-terminal region, for example, aligns to the predicted coiled coil sequences of many other proteins, yet these likely reflect structural resemblances, rather than homologous relationships, between these proteins (21) . Furthermore, proteins with long a-helices can wrongly be predicted to contain coiled coils. For example, a conserved C-terminal region of the UvrB protein which despite high coiled coil prediction scores (24) has recently been shown to contain two a-helices which adopt an antiparallel hairpin fold with a left-handed twist, a structure known as a UVR domain (25) (26) (27) .
DISC1 ORTHOLOGUES FOUND IN INVERTEBRATE ANIMALS, LAND PLANTS AND ALGAE
Profile-based iterative searches of protein sequence databases using two popular algorithms (running under default parameters), PSI-BLAST and HMMer3 (3, 20) , in our hands fail to offer results that would indicate DISC1 orthologues in nonvertebrate eukaryotes. These iterative profile-based searches detect sequence similarities that are apparently significant, but occur only because of biases in sequence composition or coiled coil content, which are then included in subsequent profiles. Further search iterations with such profiles are then more likely to identify many additional sequences exhibiting these sequence biases, and convergence on a finite set of candidate homologues is not achieved.
Turning to a third algorithm, Hmmer2 (19) , however, results in the detection of non-vertebrate DISC1 homologues (Supplementary Material, Figs S1 and S2). For this, the alignment of the conserved regions identified in vertebrate DISC1 proteins (corresponding to human DISC1 amino acids 343-625, UniProt code Q9NRI5_HUMAN; Fig. 1 and Supplementary Material, Figs S1 and S2) was used, and statistically significant E-values were obtained; E-values are estimates of the number of better matches expected in the database search just by chance. The database searching protocol is described in greater detail in Box 1. These DISC1 homologues were first identified in a basal metazoan (the placozoan, Trichoplax adhaerens; B3SAT7_TRIAD; E ¼ 4.2 × 10 210 ), and a choanoflagellate (Monosiga brevicollis, A9UYG7_ MONBE; E ¼ 2.5 × 10
25
). Next, using the animal and choanoflagellate alignment, DISC1 orthologues in amoebas were found (Dictyostelium and Polysphondylium proteins with E ¼ 2.3 × 10 25 and 1 × 10 24 , respectively). Finally, using an alignment of these proteins, a DISC1 homologue in a plant was identified (rice, Oryza sativa, Q84Z60_ORYSJ;
). Further species (including algae, chromalveolates and excavates) were identified as also having a DISC1 homologue using further iterative database searches exploiting additional profiles (inclusion threshold, E , 5 × 10
24
). The recent availability of many phylogenetically diverse genomes, and the phylogenetically aware sequence comparisons that were adopted (Box 1), each explain, in part, why these sequence similarities were not observed previously.
Box 1.
Predicting homologous sequence regions that all derive from a common ancestor requires computational approaches that exploit patterns of amino acid conservation. Such approaches are ingredients of a well-established protocol that has been previously successful in identifying many even extremely diverged homologous sequences (66) . Nevertheless, potential pitfalls often arise when sequences biased in composition or secondary structure, such as those in DISC1, are analysed. To mitigate against these in this analysis, HMMer2 (19) was chosen to search, with default parameters, the UniRef50 protein sequence database (67) . This algorithm aligns a hidden Markov model (HMM, a numerical representation of a multiple sequence alignment) against each sequence in turn and calculates an E-value for each alignment. For these searches, we only considered candidate homologues whose alignments have E-values of ,10 25 , an extremely conservative inclusion threshold, in order to minimize false-positive observations. Greatest attention was paid to candidate homologues from species that were phylogenetically closest to the species whose DISC1 sequences contributed to the HMM used to search the database. For example, when considering the results of HMM-versus-sequence searches using, as input, a multiple alignment of vertebrate DISC1 sequences, greater attention was paid to high scoring and significant (E , 10
25
) alignments to sequences from species, such as the cephalochordate Branchiostoma floridae or the hemichordate Saccoglossus kowalevskii, that lie at the base of the chordate phylogeny. Subsequently, our focus on results from a database search with an HMM using animal DISC1 sequences was on significant matches to sequences from early branching species of the opisthokont tree, such as the choanoflagellate M. brevicollis or the amoebozoa D. discoideum. The status of 'candidate homologues' was only elevated to 'proposed DISC1 homologues' when, in a reciprocal search, an HMM of their closely related sequences identified, with significance (E , 10 25 ), previously defined DISC1 homologues. For this reciprocal search, an HMM, calculated from candidate homologues, was compared directly with a second HMM, formed from previously defined DISC1 homologues, using HHpred (32) (Fig. 1B) . This protocol ensured that proposed homologues from, for example, plants show patterns of amino acid conservation that are concordant with those of vertebrate DISC1 sequences. The proposed DISC1 repeats were identified using an approach outlined elsewhere (68) and augmented by the application of HHpred (32) .
In summary, these database searches predict DISC1 homologues in numerous invertebrate animals, such as amphioxus, sea anemone, amoebas and Trichoplax, and in plants and algae (Supplementary Material, Fig. 1 and Table S1 ), but not in fungi. Among Metazoa, DISC1 remains absent from nematodes (despite an initial report) (15) and from fruit flies and thus may have been deleted from these animal lineages.
These findings indicate that all these sequences are all orthologous, having mostly diverged, without gene duplication, from a single ancestral gene. Only one species, Paramecium tetraurelia, was identified as having multiple DISC1 homologues (Supplementary Material, Table S1 and Fig. S1 ). Many of these predicted DISC1 orthologues are hypothetical genes without functions ascribed to them by experiment. Nevertheless, the Arabidopsis thaliana DISC1 orthologue (At5g25070, Q8L4Q6_ARATH) is notable in two respects. First, it is widely expressed across diverse plant structures and developmental stages (28) , just as DISC1 is expressed widely across different human tissues (21, 29) including the brain (17) . Second, the Arabidopsis DISC1 protein, like human DISC1, has been shown experimentally to be cytosolic (30, 31) . The presence of DISC1 across diverse eukaryotic species and its widespread expression across many tissues serve to re-emphasize its fundamental cellular role.
SEQUENCE REPEATS IN DISC1 PROTEINS
DISC1 is proposed to interact with many proteins, including those implicated in neuropsychiatric disorders and/or that localize to the centrosome (Fig. 2) , and thus may act as a multi-functional scaffold protein (5, 6, 14) . Delineating DISC1 regions that mediate these protein -protein and selfassociation interactions requires better definition of its tertiary structure, its domains and its binding sites.
At least two homologous sequence repeats within the C-terminal a-helical region of human DISC1 are identifiable using a domain hunting strategy (Fig. 1) . For this, a profile-to-profile comparison strategy was employed using HHpred and iterative profile-to-sequence searches (32) . Depending on the species, between two and four significantly similar sequence repeats in DISC1 can be identified (Fig. 1) . For example, comparison of two repeats (corresponding to human DISC1 amino acids 343-394 and 574 -625) yields statistically significant evidence of their sequence similarity (HHpred E ¼ 1.3 × 10
24
; Fig. 1B and C) . A third degenerate repeat may be present in metazoan DISC1 proteins (corresponding to human DISC1 amino acids 778-828). This potential repeat can be identified with significant statistics in the M. brevicollis sequence ( Fig. 1 and Supplementary Material,  Fig. S2 ). Importantly, each of these homologous repeats falls within regions whose sequences are among the best conserved across these diverse DISC1 orthologues. Furthermore, the repeats appear not to tolerate insertion or deletion mutations, and patterns of sequence conservation are very similar among the different repeats (Fig. 1C and Supplementary Material, Figs S1 -S3). Each of these observations reinforces the significance of these sequence similarities because functional domains, including repeats, are expected to show better conservation than intervening sequence. Once again, the availability of phylogenetically diverse sequence and the application of relatively sophisticated sequence comparison approaches appear to have aided in the identification of these novel homologous repeats.
Secondary structure predictions of these repeats indicates that they each contain two a-helices connected by a loop, rather than being a single long a-helix as might occur in a coiled coil. Two amino acids at the N-terminus of the 
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Human Molecular Genetics, 2011, Vol. 20, Review Issue 2 second a-helix (corresponding to human DISC1 amino acids Y370/A373 and F601/A604 in repeats 1 and 2, respectively) are particularly well conserved, which suggests that they have key structural roles in the stability of the inter-helical loop ( Fig. 1C and Supplementary Material, Fig. S1 ). Unexpectedly, these repeats, either when considered singly or when the first two are aligned together, show statistically significant similarity to a small globular domain, termed the UVR domain, of the UvrB protein. Profile-to-profile searches of the pdb70 profile database, using the HHpred web-server (32), yield significant statistics (E ¼ 8.4 × 10
23
, 0.28 and 3.5 × 10
, for repeat 1 or 2, and repeats 1 and 2 together, respectively; Fig. 1B ). This domain assignment is consistent with the Pfam domain database's automatic annotation of single UVR domains in each of two DISC1 family sequences (for the first UVR-like repeats in rice and Dictyostelium discoideum) (33) .
UVR domains are small, containing around 40 amino acids, and are present across cellular life (Pfam family PF02151; 33). Its protein tertiary structure contains only two a-helices which are packed against each other in an anti-parallel hairpin fold with a left-handed twist (25) (26) (27) (Fig. 1C) . This globular fold was a surprise given that the C-terminal UVR domain of UvrB scored highly in coiled-coil predictions (24) . UVR domains differ from short coiled coils, typically leucine zippers (34) , in that their a-helices are shorter (approximately two, rather than typically four, heptads in leucine zippers) and formed from a single strand joined by a loop (Fig. 1C) . Nevertheless, their amino acid packing is similar to that of coiled coils. Owing to their significant sequence similarity and their secondary structure prediction of two a-helices separated by a loop, the UVR-like domains in DISC1 may now be expected to adopt this globular helical conformation, rather than an extended coiled-coil structure. UVR domains have been described as protein-protein interaction domains that are capable of self-association. The C-terminal UVR domain of Escherichia coli UvrB, for example, binds a homologous UVR domain in a second molecule, UvrC (24 -27) . Although it is possible that the UVR-like domains in DISC1 also mediate its self-association, these sequences have not been observed to possess this function (Fig. 2) .
A RE-EVALUATION OF DISC1 STRUCTURE AND FUNCTION
The diversity of eukaryotic phyla that possess DISC1 homologues implies that these molecules possess fundamental cellular functions, and these may now be experimentally investigated using non-vertebrate model organisms such as Dictyostelium, Trichoplax, Monosiga or Arabidopsis. Amino acids that are highly conserved across these diverse species [e.g. D369 or E468 and K592 which is conserved across all eukaryotic DISC1 homologues (human DISC1 numbering); Fig. 1C and Supplementary Material, Fig. S1 ] should also now be mutated to allow improved experimental dissection of DISC1's molecular functions.
Of three common missense variants in the DISC1 gene that have been associated with the risk of schizophrenia (35) (36) (37) (38) , one (L607F) occurs at a well-conserved hydrophobic position within the second DISC1 UVR-like domain (Fig. 1C and Supplementary Material, Fig. S1 ). Substitution of this aliphatic residue with a more bulky phenylalanine might be expected to disrupt hydrophobic interactions between the UVR-like domain's two a-helices (Fig. 1) . A further missense variant found in one schizophrenia patient (10) also lies within a DISC1 UVR-like domain (T603I; Fig. 1C) . Neither of the two described DISC1 mutants affecting mouse behaviour (Q31L and L100P) (39) lie within the UVR-like domains, and neither is well conserved in the DISC1 family alignment (Supplementary Material, Fig. S2 ). However, a NUDELbinding site overlaps with the potential third UVR-like repeat in human DISC1 (Fig. 2) and introduction of helixbreaking proline residues in its second helix greatly reduces their interaction (40, 41) .
Prediction of multiple UVR-like globular repeats in DISC1 provides an initial insight into this protein's modular architecture. These are the first globular domains in the DISC1 protein that have been predicted, and should now permit the design of experiments to clarify both its role as a molecular scaffold, forming a hub around which multiple proteins assemble, and its potential roles in the aetiology of multiple psychiatric disorders.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
